. Cross-β structure of amyloid fibrils. Side (A) and top (B) view of the cross-β core structure as present in microcrystals of peptide fragments of the yeast protein Sup35 (1yjp.pdb).
represent the structural basis of multiple strains of mammalian prion diseases, 24, 25 different yeast prion phenotypes 26, 27 and variable clinical or pathological manifestations of several human amyloid disorders. 28, 29 
Definition of Three Structural Types of Amyloid Fibril Polymorphism
For the purpose of this review, we define three possibilities of how amyloid fibrils can differ in structure (Fig. 3) . However, the three types are not mutually exclusive. First, fibrils may consist of a different number of protofilaments. This possibility has been demonstrated by cryo-TEM reconstruction of different insulin fibrils, 6 scanning TEM analysis of Aβ(1-40) fibrils 8, 30 or by atomic force microscopy of amyloid fibrils formed from an immunoglobulin light chain domain. 31 Second, fibrils may differ in the relative orientation of their protofilaments. This case was inferred by atomic force microscopy of SH3 domain fibrils 9 or cryo-TEM reconstruction of Aβ(1-40) fibrils. 10 Third, the fibrils can differ in their protofilament substructure, and therefore, in the conformation molecular unit along the fibril axis. Its conservation for fibrils formed from different polypeptide sequences reflects the fact that all amyloid fibrils encompass the polypeptide main chain in the same basic molecular arrangement.
In contrast, the side chain spacing was shown to vary significantly for different amyloid fibrils. 4 Spacings between 8.8 and 14.6 Å were observed. This spacing measures the packing distance between two juxtaposed β-sheets (Fig. 1B) . It depends substantially on the sequence of the amino acid side chains that protrude outward from the cross-β sheets. Hence, this variability reflects the differences of the polypeptide sequences constructing the fibril structure. Taken together, X-ray diffraction shows that the structure of amyloid fibrils is highly conserved along the fibril axis, but variable in the plane of the fibril cross-section.
Observation and Biological Relevance of Amyloid Fibril Polymorphism
The cross-β sheet structure constructs the core of amyloid protofilaments. These protofilaments represent the filamentous substructures of mature fibrils. 5, 6 The helical twist of the protofilaments can give rise to a discernible overall helicity of the mature amyloid fibril. [7] [8] [9] Although the basic structural arrangement of the cross-β structure is conserved for different fibrils, there are different possibilities how they can pack into the three-dimensional fibril structure. Such variable protofilament arrangements can give rise to several distinct amyloid fibril morphologies. Aβ(1-40) peptide, for instance, which forms amyloid fibrils in Alzheimer disease 1 produces a broad variety of differently structured amyloid fibrils in vitro. 8, 10 These fibrils can differ in several structural properties, such as the cross-sectional thickness of the fibril or the helical pitch. Both properties are readily observable by measurements of the fibril width and crossover distance in transmission electron microscopy (TEM) images (Fig. 2) . Structural polymorphism of amyloid fibrils has been reported for numerous other polypeptide systems, for example calcitonin, 11 amylin, 12 glucagon, 13 the SH3 domain of phosphatidylinositol-3'-kinase, 5,9,13 insulin, 6,14,15 lysozyme 9 and various Aβ-derived sequences. 7, 8, 16, 17 Structurally polymorphic amyloid fibrils are not only reported for in vitro preparations. Examination of several tissue-extracted amyloid fibrils shows also significant structural polymorphism. 18, 19 Structurally different fibrils or ensembles of fibril morphologies are thought to underlie different biological activities, such as different toxicities to neuronal cells 16, 20 or deposition patterns in amyloidotic diseases. 21 In several cases the conformational specifics of distinct fibril morphologies were propagated to daughter fibrils by template-dependent seeding. 16 co-solutes. 13, 16, 26, [38] [39] [40] Furthermore, certain fibril morphologies can arise by seeding and extension of appropriate structural templates. 41 However, even under the same conditions and within the same sample substantial variations of the fibril morphology may exist. Hence, a specific physico-chemical environment does not necessarily lead to a single fibril morphology. In some cases, it rather favors a specific ensemble of fibril structures. This was demonstrated recently for samples of Aβ(1-40) fibrils in the presence of different salts. 40 Salts tend to stabilize fibrils with a smaller width, but fibril heterogeneity was observed in fibril samples with and without salts. Analysis of the structural diversity of an Aβ(1-40) fibril sample revealed that the individual fibrils could not be classified readily into few, clearly distinct subpopulations. 10 Instead, the fibrils formed a morphologic spectrum where structural properties, such as fibril twist or width, vary almost continuously. This result was obtained consistently both by negative stain TEM analysis (Fig. 2) and by structural reconstruction of individual fibrils from cryo-TEM images (Fig. 4) . Certain fibril structures, such as fibrils 1, 5 and 11 in Figure 4 , possess clearly distinct morphologies. However, these three fibrils represent only certain regions within the entire spectrum of fibril structures, and many intermediate types of fibril structures exist as well. This spectrum of fibrils somewhat resembles the case of an optical spectrum. The latter encompasses also distinctive regions that are commonly termed yellow, red or blue but which are connected by several intermediate colors, altogether constructing the entire spectrum.
Further studies with other polypeptide systems need to establish the possible general relevance of these observations. However, two main questions arise from the present findings. How can specific fibril morphologies be classified? For example, which of the fibrils shown in Figure 4 belong to the same morphology and why? Unfortunately, answering this question may have to await structural resolution of different fibrils at atomic detail. Second, why is a given polypeptide chain, such as Aβ , able to adopt so many different fibril structures? The formation of fibril structures with different patterns of interatomic interactions appears to be an intrinsic property of the peptide.
Several studies have shown that the cross-β core structure is formed by only a small proportion of a polypeptide chain, such as Aβ . The regions forming the β-sheet structure have been identified by various techniques, including peptide fragment analysis, solid-state NMR spectroscopy, hydrogen/deuterium exchange, mutagenesis and proteolysis. 35, 37, [42] [43] [44] These studies report slightly different sequence regions of the Aβ(1-40) peptide to be involved in the cross-β core structure. Moreover, the same sequence segments may interact in different ways with each other. This possibility has been demonstrated most clearly for peptide microcrystals that encompass a cross-β structure. 45 For example, the peptide fragment NNQQ from Sup35 protein can pack in at least two different manners to form a cross-β structure (Fig. 5A  and B) . A similar observation was made for microcrystals formed from Aβ (35) (36) (37) (38) (39) (40) peptide under different incubation conditions (Fig. 5C and D) . Since the structure of amyloid fibrils is highly conserved along the fibril axis (see above) these variations inevitably of the underlying peptides. Examples hereof were provided by solid-state nuclear magnetic resonance (NMR) spectroscopy or hydrogen/deuterium exchange studies of different fibril morphologies from Aβ(1-40), 16 α-synuclein, 32 prion protein 26, 33 and amylin fragments. 34 Solid-state NMR studies demonstrated that different Aβ(1-40) amyloid fibril samples can give rise to different NMR spectra. 16 For one sample, NMR analysis provided evidence for a single molecular conformation of the Aβ(1-40) peptide, while the other fibril sample evidently contained two structurally different peptide conformations. Moreover, the fibrils in the two samples differ in the precise location of the β-strands along the peptide sequence. While one morphology, termed quiescent fibrils, contains four regions of extended conformation (residues 10-14, 16-22, 30-32 and 34-36) , the other morphology, termed agitated fibrils, was reported to encompass continuous β-strand segments at residues 10-22, 30-32 and 34-36 . Several other studies also provided evidence for Aβ conformations with variable numbers of β-strands. [35] [36] [37] 
Molecular Basis of Different Amyloid Fibril Morphologies
The physico-chemical environment substantially influences the fibril morphologies that are stabilized by a given polypeptide chain. The fibril morphology is determined by environmental factors, such as pH value, temperature, agitation, salts or other involve different interactions in the plane of the fibril cross-section and, therefore, different pairings of the amino acid side chains.
The structural heterogeneity and polymorphism of amyloid fibrils represents an important difference from the natively folded protein structure. In native protein folding reactions, a given polypeptide chain always folds up into the same 3D conformation. 46, 47 Therefore, all natively folded molecules of the same protein sequence share the same inter-residue contacts. Amyloid formation differs from this scenario as the same polypeptide sequence can assume multiple conformationally stable states that are defined by very different inter-residue contacts. These conclusions are in accord with concepts that describe amyloid fibrils as a generic conformational state 48, 49 or a 'polymer-state' of the polypeptide chain. 4, 50, 51 Their nature as organic polymers enables polypeptide chains to form structural states for which sequence specificity is less important than for native protein folding reactions, thus leading to amyloid fibril polymorphism. 4, 50 More specific explanations of the structural diversity of Aβ or other amyloid fibrils, however, need to await structural elucidation of these states at atomic or near-atomic resolutions. 
